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Effects of electron beam geometry on pair 
production in laser-electron scattering 
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Figure 1: Volume associated with one value of the laser intensity

Motivation Extension to a Gaussian laser

* T. Blackburn, PRA 2017

Not all electrons will interact with the 
peak laser field (because of spatio-temporal 
synchronisation).

Each electron can be assigned .

 We can use  distribution to extend 
the plane wave model to non-ideal electron 
beams and focused laser pulses.

a0,eff ≤ a0

a0,eff

dNb

da0,eff
=

2 nb dS
|∇a0,eff |

Near future laser facilities will reach peak intensities capable of probing QED effects, e. g. 
Nonlinear Compton Scattering ( -ray emission) and Breit-Wheeler  pair production. 

Accurate predictions of the positron yield in laser-electron scattering require taking into 
account the laser focusing geometry, which is usually accomplished using full-scale PIC-
QED simulations. 

For a plane-wave laser with a temporal envelope the total number of new pairs per 
interacting  can be approximated as:

γ e+e−

e−

Conclusions

We have generalised a plane wave model for positron production in electron-laser scattering to include laser focusing, 
electron beam distribution and spatio-temporal synchronisation.

Our optimisation study shows that aiming at a very short focal length and highest possible laser intensity is not always 
the best option.

For more information about lasers with different pulse durations  and other electron beam shapes that can be relevant 
for future experimental design please see Ó. Amaro and M. Vranic, submitted to NJP (2021),  arXiv:2106.01877
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Figure 4: a) Lateral escape of e+, b) Cutoff energy of e+e- flow, (theory and simulations).

Figure 1: a) Setup: electron-laser scattering at 90 degrees produces an e+e- flow; b) Parallel momentum 
as a function of time for interaction with a plane wave and a focused laser: a0=600, g0=100.

Pair production and acceleration 
with intense long laser pulses
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Motivation & setup

To study the self-consistent dynamics of electron-positron plasmas in the lab, one needs to 
create flows with approximately equal number of electrons and positrons. Here we propose a 
configuration that allows to both create and accelerate an electron-positron beam. 

How to obtain multi-GeV e+e- flows: 
๏  LWFA electrons collide with the laser at 90 deg; pairs are produced in the peak field region
๏  e+e- beam is accelerated by the laser in vacuum
๏  laser defocuses leaving some particles accelerated.

Figure 2: Correction to the plane wave acceleration 
energy as a function of the Rayleigh range. 

Theoretical model for energy cutoff

To estimate the effect of the defocusing on the maximum attainable particle energy, we have 
performed a series of test particle simulations for particles born exactly in the center of the 
laser.  We found that the energy correction due to defocusing depends on the ratio of the 
Rayleigh range and plane wave acceleration length.

plane wave

Figure 3: a) Positron 2D momentum space in the plane of initial e- propagation; b) Spectra of e+ and e-; 
c)  3D momentum space for a0=600;  d) Spatial distribution of e+ and e-. 

2D QED-PIC simulations Energy cutoff prediction agrees with 3D OSIRIS sim.

Conclusions

With the new generation of lasers, we can generate and accelerate e+e- beams
๏Vacuum laser acceleration is possible due to the pulse defocusing.
๏We can compute the expected beam energy cutoff analytically.
๏By applying an appropriate aperture,  one can collect a neutral e+e- flow.

For a 1 GeV initial e- beam, and w0=3 um, we can make nearly as many pairs as initial e- for a0=1000.
๏Longer laser duration yields a higher number of pairs. 
๏A 150 fs laser to be available at ELI Beamlines is less sensitive with respect to temporal synchronisation than 30 fs lasers. 
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Figure 5: a) Number of pairs generated divided by the number of initial electrons; b) Effect of pulse 
duration and non-perfect spatiotemporal synchronisation on the number of generated e+e- pairs. 

# of pairs depends on a0, duration and synchronisation

a) b)

a)

b)

c) d)

PW cutoff is more 
important for low a0

Defocusing induced 
cutoff  at high a0

Pairs are spatially separated 
from initial e-

The generated e+e- beam has 
low divergence (~30 mrad)

Ecuto↵ [MeV] ' 2a0 W0 [µm].

Emax =
2a20
�0

. �0 = 5⇥ 104/a0.

3D correction for a focused laser

E
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s
RL
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3D cutoff 

the acceleration is not immediate. The acceleration length required to reach the
maximum energy in the field of a plane wave is given by lpwa = 3⇡a20/(4�

2
0). For

� = 1 µm, a maximum
defocusing characterized by the Rayleigh length RL = ⇡W 2

0 /�0. For example, a

electrons
positrons
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Figure 4: (left) Optimal laser focusing and (right) associated number of generated positrons

Parameter study for future laser facilities

For a particular laser system and an electron beam, one can find an optimal spotsize 
associated with the maximum number of positrons that can be produced per shot. 
Here we show a parameter study identifying optimal conditions for lasers below  
and pulse durations below .

For a  laser (  for  acceleration,  for scattering)

- ELI,   at 

1 kJ
200 fs

ε = 1500 J 500 J e− 1000 J

N+ = 2.4 × 108 (nb/1016 cm−3) W0 = 6.2 μm

beam : L = 200 μm, nb = 1016 cm−3 laser : λ = 0.8 μm, E0 = 13 GeV

Figure 3: (left) Number of generated positrons keeping the total laser energy constant (right) 
Optimal laser spotsize as a function of the total pulse energy.

Optimal focusing

 is a growing function of  ( at constant laser pulse energy  ), and the 
number of seed electrons interacting with peak intensity .

There is a trade-off between using a short focal length to obtain the highest 
conceivable laser intensity, and having a wider interaction volume where more seed 
electrons participate in the interaction.

Using the previous particle distribution in , we integrate the results numerically to 
find the optimal spotsize and maximum positron yield.

NPW
+ a0 a0 ∝ W−1

0
∝ W2

0 zR ∝ W4
0

a0,eff

beam : E0 = 10 GeV, L = 200 μm, nb = 1016 cm−3 laser : λ = 0.8 μm, τ = 150 fs

500 750 1000 1250 1500
"[J]

2

4

6

8
W

0,
op

t[
µ
m

]

Theory
Sampling

ε = 1 kJ

laser : a0 = 7.3, λ = 0.8 μm, τ = 31 fs, W0 = 3 μm

0 2 4 6 8
a0,eÆ

105

106

107

108

109

dN
b

da
0,

eÆ

£
n

b
10

16
cm

°
3

§

Infinite beam
Beam (250 µm)
Beamlet (50 µm)

0 20 40 60
¢k[µm]

0

200

400

600

N
+

£
n

b
10

16
cm

°
3

§

Theory
Sampling
Simulation

x

zy

Figure 2: Particle distribution for a Wide beam and positron yield as a function of temporal 
misalignment

Peak laser intensity felt by particles within a wide beam 

In the scattering between a focused Gaussian laser pulse and a wide electron beam 
(  ), the electron distribution according to the maximum  they interact with 
can be expressed as:

R ≫ W0 a0

, with az ≡ a0/ 1 + (L /4zR)2

beam : E0 = 13 GeV, σx = 24.4 μm, σy = 29.6 μm, nb = 1016 cm−3

The total number of positrons is then N+ = ∫ NPW
+ (a0,eff)

dNb

da0,eff
da0,eff
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